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Validation of a Body Condition Scoring System
in Rhesus Macaques (Macaca mulatta):
Assessment of Body Composition by using
Dual-Energy X-ray Absorptiometry

Laura Summers,” Karen J Clingerman,? and Xiaowei Yang!

Body condition scoring (BCS) is a subjective semiquantitative method of assessing body fat and muscle by palpation of
key anatomic features. A previously published BCS system for rhesus macaques (Macaca mulatta) uses a scale comprising
both whole and half units, in which the midrange represents optimal body condition (3.0), lower values represent emaciated
to lean conditions (1.0 to 2.0), and higher values (4.0 to 5.0) indicate excessive body fat. A valid BCS system is well described,
relevant to the species, has agreement within and between raters, and is consistent with objective measures. Here we correlate
the subjective BCS assigned during physical exam with percentage body fat as determined by dual-energy X-ray absorpti-
ometry (DEXA). Adult rhesus monkeys from an indoor-housed breeding colony were evaluated by the veterinary staff and
assigned to 1 of 9 BCS score groups to give a minimum of 6 animals in each group. DEXA was used to obtain objective body
composition measurements for macaques in each BCS group. Animals in the ‘optimal’ BCS group (3.0) had 25% body fat on
average. Each full unit change in BCS was associated with an approximate 10% change in body fat percentage for macaques
in the 2.0-to-5.0 BCS range. Absolute body fat in animals with BCS of 1.0 or 1.5 may be too low for accurate assessment by

DEXA.

Abbreviations: BCS, body condition score; DEXA, dual-energy X-ray absorptiometry.

Body condition scoring (BCS) is a subjective means of as-
sessing an animal’s lean body mass and body fat. Although
a scoring system has been described for visual assessment of
rhesus macaques (Macaca mulatta),® most systems, including
that which we use in the current study, involve a hands-on
approach. BCS systems have been developed for several mam-
malian species, including dogs, cats, sheep, mice, rats, horses,
and cattle >1%1624253740 T be validated, a BCS system must be
assessed in comparison with an objective means of measuring
body composition.® Several methods for determining body
composition are used in both human physiology and animal
research. Methods that have the highest degree of precision tend
to be highly invasive, whereas less invasive methods compro-
mise accuracy. Some methods used in human physiology are
impractical for use in animals.!®!734 For the current study, we
used dual-energy X-ray absorptiometry (DEXA) to determine
percentage body fat and compared this objective measurement
with subjective assessment of body condition through BCS. We
then used statistical analysis to determine whether increasing
BCS correlated well with increasing percentage body fat and
whether the BCS was a better indicator of percentage body fat
than was weight alone.

A large amount of morphometric data exists for rhesus
monkeys.2042 One study evaluated the correlation between
morphometric measurements and body composition assessed
by using DEXA in rhesus monkeys.!? Although morphometric
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measurements are useful, both biologic and technical variation
are introduced with this methodology.” We chose DEXA as an
objective measure of body composition owing to the substantial
available literature on this technique and its relative noninva-
siveness for reproductively active animals. DEXA analysis is
frequently performed at our facility, and technicians at this
institution have considerable experience and training in work-
ing proficiently with this modality.

We hypothesize that the subjective BCS of adult rhesus mon-
keys will be an accurate predictor of average percentage body fat
as determined by DEXA analysis. Furthermore, we hypothesize
that BCS is a better predictor of average percentage body fat
than is weight alone.

Materials and Methods

All animals used in the current study were indoor-housed
adult rhesus monkeys from the breeding colony of the Califor-
nia National Primate Research Center (Davis, CA), which is an
AAALAC-accredited animal research facility. All animals were
housed and fed in accordance with guidelines in the Guide for
Care and Use of Laboratory Animals,'® and the current study was
assigned to an IACUC-approved protocol at the University of
California at Davis. All macaques were negative for simian
retrovirus, SIV, and simian T-lymphotropic virus. A total of 71
animals (age: mean, 12 y 3 mo; range, 6 y 11 mo to 17 y 10 mo;
weight: mean, 9.2 kg; range, 4.25 to 20. 72 kg) were included
in our study set; 45% (n = 32) of these were male, and 55% (1 =
39) were female. Macaques were fasted for 12 h prior to BCS or
DEXA, which required sedation with either ketamine (10 mg/
kg IM; Fort Dodge Animal Health, Fort Dodge, IA) as a sole
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agent or in conjunction with medetomidine hydrochloride (30
pg/kg IM; Pfizer Animal Health, Espoo, Finland). Eight staff
and resident veterinarians contributed to this study and had
reviewed the BCS system (Figure 1) .2 Two veterinarians had
to independently agree on the same BCS for an animal to be
assigned to a score group. Where possible, the same numbers of
male and female macaques were assigned to each score group.
To provide sufficient data for statistical analysis, at least 6
macaques were assigned to each score group, except score group
5 (n = 5). Initial evaluation of data from 6 macaques revealed
no significant difference between the determined percentage
body fat between score groups 1.5, 2.0, and 2.5. For this reason,
6 additional animals were added to each of these score groups.

Within 2 wk of assignment to a score group, macaques un-
derwent body composition analysis by DEXA (software version
3.9.4; Norland VR Bone Densitometer, Siemens, Berkley, CA).
The scanner was calibrated and maintained according to the
manufacturer’s guidelines. Resolution was set at 6.5 x 13.0
mm, 130 mm/s. After sedation, macaques were placed on the
scanner bed in dorsal recumbency; limbs were secured to the
scanner table with porous tape. Each macaque was scanned 3
to 5 times sequentially over a period of 8 to 10 min. Averages
for bone mass, lean body mass, and body fat were determined
for each animal. Percentage body fat was used as an objective
measurement and evaluated in relation to the BCS assigned to
each animal.

Pearson linear correlation coefficients were calculated to
determine the capability of using the assigned body condition
score to predict percentage body fat.>?! In addition, Spearman
correlation coefficients were calculated to reflect the sensitivity
of the coefficients to nonnormal distributions of variables.?8
Because Spearman and Pearson analyses yielded similar results,
only the Pearson results are presented here. In addition, data
were evaluated statistically to determine whether BCS is a better
predictor of percentage body fat than is weight alone within the
full data set as well as within subgroups defined by sex, age,
and weight. All statistical analyses were performed by using R
Project software (www.gnu.org/software/r/).

Results

Average weight, weight range, average percentage body fat,
and range for percentage body fat for each BCS are presented
in Table 1. A scatter plot of average percentage body fat for
individual macaques is presented in Figure 2. A summary of
the average percentages for bone mass, lean body mass, and fat
mass as determined by DEXA are presented in Figure 3. Adult
animals with BCS in the ‘optimum’ range have approximately
25% body fat, with approximately a 10% change in body fat with
each full unit of change in assigned BCS for macaques with BCS
of 2.5t0 5.0. Using linear regression analysis, we determined that
animals in the 1.0, 1.5, and 2.0 BCS groups had approximately
5%, 10%, and 15% body fat, respectively. The data on BCS and
percentage body fat were analyzed by using ANOVA, which
indicated a strong predictive value of the BCS system to assess
average percentage body fat in adult rhesus monkeys (F
23.7, P <0.001).

Because data from animals in BCS groups 1.0 and 1.5 did
not follow an expected linear scale for percentage body fat, we
assessed the data by using animals from all BCS groups (full
data set, Table 2) as well as those with BCS of 2.0 to 5.0 (partial
data set; Table 3). With the full data set, the Pearson correla-
tion coefficient for BCS and average percentage body fat was
0.83, whereas the Pearson correlation coefficient for weight
and percentage body fat was only 0.65. A t test for comparing
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dependent correlation coefficients® revealed that 0.83 was sig-
nificantly higher than 0.65 (P < 0.001). When data from animals
with BCS less than 2.0 were excluded from analysis, the Pearson
coefficient for BCS and percentage body fat was 0.86 compared
with 0.61 between weight and percentage body fat (¢ test, P <
0.001). Therefore, we concluded that the correlation between
BCS and percentage body fat is higher than that between weight
and percentage body fat, especially for macaques with a BCS
of 2.0 or greater.

Furthermore, using the subset of data for animals with a
BCS > 2.0, we found that the combination of BCS and body
weight provided a significantly better predictor of percentage
body fat than did body weight alone (likelihood ratio test, P <
0.001) but not significantly better than BCS alone (likelihood
ratio test, P = 0.098). This result again indicates that BCS itself
adequately predicts percentage body fat, and that adding body
weight does not substantially improve the predictability of BCS
for average percentage body fat.

Next, we evaluated the data to determine the influences of sex
(male compared with female), age (12 y or younger compared
with older than 12 y), and weight (9.2 kg or less compared with
more than 9.2 kg) on the predictive values of BCS assigned to
adult macaques. Visual comparison of Pearson correlation coef-
ficients (Tables 2 and 3) revealed that all of the coefficients were
higher for the correlation between BCS and percentage body
fat than that between weight and percentage body fat. Within
each age- or sex-specific subgroup of animals with a BCS score
of 2.0 or greater (Table 2), the correlation coefficient between
BCS and percentage body fat was significantly (t test, P < 0.05)
higher than that between weight and percentage body fat.’
When data for all BCS groups were considered (Table 3), similar
and significant (t test, P < 0.05) results were obtained after com-
paring the correlation coefficients, except for animals weighing
9.2 kg or less (P = 0.38). Furthermore, there was no significant
difference between the use of BCS or weight as a predictor of
percentage body fat within the sex-specific subgroups among
all BCS groups or those of 2.0 or greater.

Discussion

In the context of communication in a veterinary medical
record, it is helpful to have a standardized method of ‘scoring’
an animal’s body condition. A previously described BCS system
for rhesus monkeys uses a 1-to-5 scale, with midrange values
representing optimal body condition, lower values representing
emaciated or lean conditions, and higher values representing
excessive body fat.® The primary goal of the current study was
to evaluate how well data from an objective means of assessing
body fat correlated with a score assigned by using the described
BCS system.

In human physiology research, several noninvasive means of
measuring body composition have been well described.!33* Of
these, underwater weighing (hydrodensitometry) has long been
considered the ‘gold standard’ for evaluating body composition
in humans.!3 This methodology is impractical for use in research
animals, because subjects must be completely submerged
under water while breath-holding. Air displacement methods
are influenced by the amount of body hair, again making this
methodology impractical for nonhuman primate species.!” To-
tal body water assessment, total body potassium calculations,
and CT all require exposure to radioactivity, which we elected
to avoid because all of the macaques we used here are part of
the institution’s breeding colony. MRI is a reasonable method
for determining body fat, but our review of the literature did
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Body Condition Scoring of Nonhuman Primates Using
Macaca mulatta as a Model

Ambulating

Right Lateral Viewed
from Back

ST

EMACIATED - very prominent hip bones (easily palpable and
likely visible), prominent facial bones, spinous processes and ribs.
Minimal to no muscle mass is palpable over ileum or ischium.
Anus may be recessed between ischial callosities. Body is very
angular, no subcutaneous fat layer to smooth out prominences.

VERY THIN - Hips, spinous processes, and ribs are prominent.
Facial bones may be prominent. There is very little muscle present
over the hips and back. Anus may be recessed between ischial
callosities. Body is angular, no subcutaneous fat to smooth out
prominences.

1.5

THIN - very minimal fat reserves, prominent hip bones and
spinous processes. Hips, spinous processes and ribs are easily
palpable with only a small amount of muscle mass over hips and
lumbar region.

LEAN — overlying muscle gives hips and spine a more firm feel.
Hip bones and spinous processes are readily palpable, but not
prominent. Body is less angular because there is a thin layer of
subcutaneous fat.

2.5

OPTIMUM - Hip bones, ribs and spinous processes are
palpable with gentle pressure but generally not visible. Well
developed muscle mass and subcutaneous fat layer gives spine
and hips smooth but firm feel. No abdominal, axillary or inguinal
fat pads.

SLIGHTLY OVERWEIGHT - Hip bones and spinous
processes palpable with firm pressure but are not visible. Bony
prominences smooth. Rib contours are smooth and only palpable
with firm pressure. Small abdominal fat pad may be present.

3.5

HEAVY — Bony contours are smooth and less well defined. Hip
bones, spinous processes and ribs may be difficult to palpate due
to more abundant subcutaneous fat layer. May have fat deposits
starting to accumulate in the axillary, inguinal or abdominal areas.

OBESE - This animal will often have prominent fat pads in the
inguinal, axillary or abdominal region. Abdomen will be pendulous
when animal sitting or ambulating. Hip bones and spinous
processes difficult to palpate. Bony contours smooth and poorly
defined.

GROSSLY OBESE — obvious, large fat deposits in the
abdominal, inguinal and axillary regions. Abdominal palpation is
very difficult due to large amount of mesenteric fat. Pronounced
fat deposits may alter posture/ambulation. Hip bones, rib
contours and spinous processes only palpable with deep
palpation.

4.5
5

Figure 1. Body condition scoring chart for rhesus monkeys. Image reproduced from reference 8 with permission.

not yield sufficient information to justify the use of MRI over
DEXA for determination of body fat.!3!

Traditionally, carcass analysis has been the ‘gold standard’
for assessing body composition in research and food animals.
Although this method has the advantage of precision, it neces-
sitates euthanasia of subjects. For the current study, we elected

to use only minimally invasive means of assessing body com-
position in the interest of preserving animal resources. The use
of DEXA technology to determine body composition by using
carcass analysis has been validated several species including,
mice,*? rats,* pigs,57?2% rhesus monkeys,* dogs, and cats.?”
These studies have shown good correlation between DEXA
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Table 1. Summary of results from DEXA analysis of all macaques

DEXA and body condition score

No. of macaques Body weight (kg) Body fat (%)

BCS scanned Range Average Range Average
1.0 6 4.25-10.02 6.57 0.1-41.0 14.9
1.5 12 5.47-10.64 7.02 0.3-24.0 10
2.0 12 5.10-11.36 7.96 3.0-17.0 9.4
2.5 12 5.75-12.75 9.18 6.0-40.0 19.7
3.0 6 7.10-12.20 8.71 15.0-41.0 25.2
35 6 9.52-16.03 13.01 20.0-42.0 32.8
4.0 6 10.81-17.22 13.91 24.0-52.0 36.3
45 6 13.51-19.62 16.35 26.0-55.0 39.9
5.0 5 12.21-20.72 15.04 31.0-50.8 42.7

60.0

10 L5 20 25 30 35 40 45 50
Body Condition Score

Figure 2. Average percentage of body fat for each body condition score
as determined by DEXA analysis.
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Figure 3. Averages for lean body mass, fat mass, and bone mass as
determined by DEXA analysis for each body condition score group.

and carcass analysis in the assessment of body fat and lean
body mass.

Limitations of DEXA for assessment of body composition are
well documented. Sources of variation include instrument man-
ufacturer, mode of operation, patient position, type of platform
on which the subject is placed, and subject age (infant, adult).
152339 In addition, DEXA has been shown to under-represent fat
content compared with that from chemical analysis,*® and the
software of DEXA machines may fail to recognize fat percent-
ages of less than approximately 4%.%0 Furthermore, because
DEXA software assumes a fixed constant for fat-free mass, the
hydration status of the patient affects the imaging results.364!
Despite these limitations, the ability of DEXA to assess body
composition accurately generally is well accepted.?

Table 2. Comparison of BCS and weight as predictors of percentage
body fat as influenced by sex, weight, and age among macaques with
BCS=>2.0

Pearson correlation coefficient

BCS and % body fat Weight and % body fat
Male 0.91 0.84
Female 0.88 0.82
<12y? 0.86 0.59
>12y° 0.81 0.47
<9.2 kg? 0.81 0.47
>9.2 kg? 0.86 0.59

2t test comparing the 2 Pearson coefficients yielded P < 0.05.

Table 3. Comparison of BCS and weight as predictors of percentage body
fat as influenced by sex, weight, and age among all macaques

Pearson correlation coefficient

BCS and % body fat Weight and %body fat
Male 0.83 0.79
Female 0.88 0.85
<12y? 0.82 0.52
>12 y? 0.81 0.67
<9.2kg 0.39 0.11
>9.2 kg? 0.83 0.46

2t test comparing the 2 Pearson coefficients yielded P < 0.05.

A complete review of physical concepts of DEXA technology
is provided elsewhere.?® Briefly, the components of a DEXA
scanner include an X-ray tube and k-edge filter, which generate
X-rays at 2 main energy peaks. DEXA scanners have a detector,
which receives the X-rays, and an integrated computer system.
Different body compartments will attenuate the 2 X-ray ener-
gies to different degrees, depending on the patient’s mass and
composition, thereby allowing differentiation between bone
mineral and soft tissues. Soft tissues can then be divided into
fat mass and fat-free mass.!!

Body composition changes over the lifetime of each individual
animal. Our described BCS for rhesus macaques focuses on fully
mature, nongeriatric adults. Although the scale can be used for
animals outside of this age range, the BCS assigned must be
interpreted in light of the animal’s age. For example, a healthy
infant or juvenile rhesus macaque may frequently be assigned a
BCS of 1.5 t0 2.0 or 2.0 to 2.5, respectively, which the interpreter
must acknowledge as appropriate for young, growing animals.
Conversely, geriatric animals may have excessive fat deposits
in the abdominal region, with muscle loss over the hips, back,
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Figure 4. Average percentage of body fat compared with body weight
in male and female rhesus monkeys.

and extremities. In this situation, it may be appropriate to as-
sign 2 scores, one for fat and one for muscle, to each animal.
In the current study, we are attempting to validate the scoring
system as written for adult rhesus macaques in their prime, so
we included animals from this age group only.

In our study, weight was a good predictor of percentage body
fat within subgroups divided by sex. However, BCS has the
advantage of being independent of sex in predicting percentage
body fat. As seen in Figure 4, body weight is a strong predictor
of percentage body fat in both female and male macaques, but
its predictability is quite different between the 2 sexes. As illus-
trated, a 1-kg change in body weight is associated with a 2.69%
increase in percentage body fat in male macaques but a 3.96%
increase in female macaques. A more consistent relationship
is observed between BCS and its predictability for percentage
body fat in both female and male subgroups, in which each
full-unit increase in BCS correlates with a 10% increase in per-
centage body fat. Therefore, we claim that BCS is a convenient
and accurate tool for predicting percentage body fat in practice.

Overall, BCS was a better predictor of average percentage
body fat than was weight alone, especially for animals in
higher weight and BCS ranges. We speculate that DEXA tech-
nology likely cannot accurately assess the absolute body fat in
macaques with little appreciable body fat and correspondingly
low BCS.%0

The current study shows that the previously described BCS
system for rhesus monkeys is valid for adult animals, inde-
pendent of sex and age and over a wide weight range. Direct
carcass analysis likely would provide additional valuable data,
especially for very lean or emaciated animals, and might be used
in studies with a defined endpoint.!%1%26:33-35
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